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THE S5COD PCLDED WAVIGUINS AZRIAL

FOR FRUWINCY SCANNINZ RADR

1.  INTRODUCTION

A radar beam may have its direction changed without mechanical means
by using a technique usuelly called "frequency scanning®, In order to cover a
wide angle of scan in this vay, within the limited tuning range of current high
power transmitters, the aerial must be made to have an enhanced sensitivity to
frequency changes. This sensitivity may be obtained by folding a wavesuide into
the form of a "jumping cracker" and allowin: it t5 radiate in a controlled mamner
from a line of slots cut in the waveguide, (Fig. 1). A fan beam is thus produced
which may be scanned widely in the plane of the array by alterin: the frequency
of the transmitter,

Collimation in the plane transverse to the array may be arranged with
a cylindrical parabolic mirror having its line-focus occupied by the array of
slots, Alternatively, each slot of the frequency sensitive array may be made
to couple energy at a given rate into a waveguide linear array. The planar
"array of arrays" thus produced radistes a pencil beam vhich scans in tke plane
of the frequency-sensitive array of feeds.

2.  BASIC DESIGN

In order to esteblish the techniques of frecuency scanning in A,S.1 .2,
it was decided in 1955 to produce a demonstration set as quic’ly as possible,
even if the small effort available meant that the system might be rather crude.

The aerial desigzn consisted of a folded waveguide array feeding a
narrow mirror as a suitabie mirror had already been developed for use in
Type 982.,, It was thought best to remove the array from the rsflected beam by
Toff-setiing", in order to reduce sidelobes in the pline transverse to the foous
of the mirror (Fig. 2). The ouly way of doing this was to arrange the radiating
slots 50 1hat cne was cut in euch alternate bend of thz folded waveguide, thus
forming a linear array.

2.1 Folded viaveraide ‘rray

The first choice of radiator vas a "shunt displaced" slot out parallel
to the centre-line of the wevesuide, and having its radiated powsr controlled by
its displacement from the centre-line. This type of radiator has often been
used in stralsht wavesuide apjylications, A full acount of earlier work with the
shunt displaced slot in folded wavezuide has been given in .efersnce 1, Scarning
of ‘the beam was accomplished substantially as predicted, but sidelcbes were much
higher “han was expected, ‘his paper therefore be,ins with a eritical study of
the first choice of radiator,

2.2 Poszible Delects

It was first suspe~ted that the sovare beox surrouvnding each shunt
displeced slot, (fiz. 3), wns causing other modes %o propagate Trom the slot.
Three modes ar: possible, HOI s H10 and H“. (Fis. k). It then ceemed cbvious
#het, 17 the H1 4 mode existed 1% all, it would propamate along the shory
v. reguide formed by the bhou, at a phass velosity dillerent from the ollier iao
neies, The emergert vive world then have a phase error along tie lenth ¢f the
srray proporiional to che armb of exciteticn of the wrranicd .o2le, It seem:zd
reasonable that the excitatio of the unuanted mide would be o funntien ¢ the
slot diaplace :ent, 2nd & puase error wis thereforn expzoted, huving a curvatuse
gomevhat sinilar o the anplitude distridution (cosina?®) imposed al-ng ih: srrey,
Phasc measurements on a 5 £% lon~ arsay shoved thot suach o phase error was
unaista .2bly preseut.

Simultaneously, easuve wnts in dirfersnt rnlanes <l the radiantion
rattem of a sin<le radiator sho el tuzt ithe maxiw oy vwiis progarating in g
viane a2t ra an-le to that containing *the axis of the vide, This was ret
wlivo-gther creprisin: rinee it i s the firsi experioen’ Lo prove the existence

U s o ";‘,'-'}D,L'HT’A"_

MOT=iz5
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of an unwanted H11 mode. However, the beam from an array of these skew radiators

nust suffer from the alternately skewed radiation; higher sidelobes would be
formed consistent with the reinforcement of r:diators spaced at alternate slot
intervals, The individual radiations are sltetched in Fizure 5a.

) It is extraordinarily difficult to devise any experimental means of
proving the existence of the H11 node, because both the H01 and H1i nodes may

exist. Attempts were made with wire and strips to suppress all but the wanted
mode and to note any difference in phase and ampliitude plots. These experiments
served only to strengthen the idea that the dwunt-displaced slot at the base of a
square waveguide box was not the risht approach to the problem.

3. A NEJ RADIATCR

The first ideas for an improved aerial array began with the need for a
new radiator which would:~

(a) propagate no higher order mndes;

(v) radiate maximu: power in one plane, irrespective of the power
radiated and the sense »f the excited field;

(c) have minimal phase change with power radiated;

(a) avoid the gable-shaped corners between each limb of the waveguide;

(e) dispense with the separite boxes previously used above each slot,

A series of experiments proved that (a) end (b) could be satisfied by
cutting a series-inclined slot in the centre of the jable cormer used in the first
junping eracker, (Fig. 5b). In order to satisfy (a) and (e), thus attaining a
simple mechanical construction, series-inclined slots were tried; these were out
in a flat plate like the broad face of a waveguide, with the jumping cracker
underneath. (Fig. 6). This wxs highly successful and requirement %c) was also
satisfied. A more detailed account of sove of the importent steps follows,

3.1 liatehed Souare Cornexr

The simplest way to comect two pieces of waveguide which are joined
face to face is to cut away soie of the comuon wall and place a flat plate on top.
\s far as r.f. is concerned, a strong reflexion would occur which could be
adjusted, but not ro.wved by varying the height, h, between the common wall and
the flat top. (Fig. 7). Spariover would of course eccur at quite low power.
\hilst attempting to reduce the likelihood of breakdown by rounding the top of
the comaon well, it seemed sensible to exaggerate this radius to form a
capacitive iris and so simultaneously to match the 130° corner, (Fiz. 8).

For size 10 wavepuide using the waveban? chosen for the interim serial,
this wes highly successful and proved to be an laportant dvance in the work
vnich followed. The v.s.w.r. of e final corner shous a watch of 0.99 at mid-
pand and 0.97 at each end of the band, (Pig. 9). .‘his vas considered ..uite
adequzte for the purpose; in fact, this result s slightly betier than that
with ihe neble corners. (Fig. 10). 3pariover did not occur for peal powers of
1.5 i at atnospheric pressure,

3.2 Jeriss-inclined ‘1ot in 3iuare Commer

The superiority of the series-inclined slot over the shuni-displaced
slot, lay in having a radiator aluays centred on the centre-line of the array.
orcover, the speed of experimental work was greatly eahanced by the ease »of
having a given length of slot in a central Aisl” which c-uld be rotated into &
desired angul~r position ard henc: offer any desired radiated power. (rig. 1?%.
o other slotsed rodiator has this property. Furiberscre, the disks could easily
be roumoved and differcont sizes of slot cut vithout difficulty or undue wastage
of material.

LN

LN
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It was first necessary to find out
{a) whether the new radiator had a smooth resonance curve
(b) vhether the peak could be brousht on to nid-band by alterinz the

length of the slot
(o) whether tuning was flat enough over the band
(a) whether the slot and corner withsiood r.f. power without sparking.

Using a single slot on one square corner, tilted at 20° from the
longitudinal axis of the gzuide, it was soon established that a slot, 2rbin x
7. in overall, 5 in radius at each end, gave a smooth resonance curve., A flat
maximum centred near 10.9 cn wavelength was achieved; this wavelength represents
nid-band in the aerial design. The unslotted corner withstood 1.5 MW peak r.f,
power at atmospheric pressure, :/ith a slot this figure fell to £ MW for snall
angles of inclination, and even t- & MV for larger angles, but at this stage
the slots were not rounded at the edses; for a practical application such
rounding would be an obvious improveuen.. Jith the ccrner and slot established,
a folded waveszuide array of twelve slots in square corners, (Fig. 12), was
specified in ilzvember, 1957.

3.3 Characteristics of 3lot

The twelve slots were cut in disks above the centre of each square
corner, and were thus easily turned to any given inclination to the centre
line oS the guide, ¥ith the slots set alternately at & 1 5° and a reflexionless
1load at the end of the folded wavegzuide preceded by a siall probe, power was
fed into the array and the level at the load end noted. All the slots were
then covered with metal foil, Jach slot in succession vas then uncovered and
the power drop due to radiation through the slot was noted. The difference
between doing this consecutively and in a random fashion was observed. (Fiz. 13).
This confiried that the preliminary measureient of a fairly high v.s.w.r. within
the guide was correct.

Systematic measurements were then made, changinz the angle at which
all the slots were inolined, ‘lach array then had twel -e slots all at one angle.
The object was to measure the radiated power throush any one slot at a siven
angle of inclination, in a typical position along the array where iechanical
errors and represeniative bui undesirable electrical reflexions within the
suide would be encountered. There is little hope of wor :shop or factory
producing a perfect array; <*he best that can be achieved is to have it .
carefully zade and to lmow vhat sort of behavicur it will exhibit in the presence
of the imperfection,

It was found sufficient to use as few as eight slots in the array,
and from these an averasme radiated power for the angle of inclination was
established, (Fig. 14). An experiment was also made to show the variation
over the band of frequencies to be used; it was found o be encouragingly
small, Small dots in Pis. 1™ show the spread.

A graph was then plotied of the nor.alised conductznce »f a typical
slot against its angle, (W#igz. 15); it can be seen that over the working range
this is a straizht line. Fron this graph slot angles were read off to suit the
conduntances calowlated for a 12-slot arruy havinz o (% + £ cosine?)
distribution. This is a far quicker procedure than est:blishing a "conductance
law" 2nalytically and caleulating slot angles to decinals of a minute, The
accuracy of the experimental wor: and the resultin, sraph seldom warrant such
a tas:z, and the final r-diation patterns rarely give ;00d agreesent with those
predicted. lechanic.l errsrs in construction are, in eny event, of the same
order as those derived fro. a carefully plotted graph. It is therefore very
doubtful vhether the time-honoured procedure of calculation has anything to
conend it.
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he  DUIILVE BLO LT ARQLY

L Radiation Patterns

Usins the graph in Fig, |4, the twelve slot angles which would give
the desired distribution were sci up, the disks were soldered in place, and the
array patterns vere measured in the field. Two important features were
iumediately evident; the array gave sidelobes which were a nearer approach to
the theoretical pattern than those of any of the slotted arrays previously used,
and the beawm scanned throuzh the broadside position without deterioration of ihe
pattern, (Pig. 16)., The former is pariicularly important because with few slots
in an array large deviations froa the theoretical patiern are usually expscted.
That these did not occur is considered to be the result of each slot being
decoupled from the next within the mide, by the lenzth of folded waveguide in
between, In a conventional straizht array of slots coupling internally and
externally is expected, because complex fields exist in the vicinity of each slot;
since they lie about half a wavelength apart interference or mutual coupling is
inevitable. Greater emphasis has usually been given to the external coupling, but
this folded array provides important evidence to the contrary. The jumping
cracker construction provides slots which externally are the usual distance apart
but internally are separated by soue several half-wave lengths., A later experiisent
with identical slots and the saue distribution cut in straight waveguide showed
the same soit of departure from theoretical patterns when measured in the far
field.

The second feature, the scin througn broadside, was :tost interesting
because no measurements had been made of the equivalent waveguide lensth around
each corner, 3ach folded arm of the jumping cracler was in fact slightly too
short for the scan to ocour entirely %o one side of the normal, (Fig. 17).
Since the wavelensth which zave a2 bexn normal to the aperture could be estiblished ,°
with soue accuracy, it was not necessary to measure the equivalent length around
the corner, because at this wavelenzth an exact nurber of half wavelengths exists
between each slot and the next. .1 simple calculation gave the correction to apply
in future arrays., A further experimental check was perfomed by observing the *
wavelength at which the lowest v.s.w.r. was obtained,

£

4,2 Restriction of Transverse Beamwidth

All the effort so far had been airected towards producing a folded
waveguide array which would give acceptable radiation patterns in the plane of the
array; 1t was also essential t5 narrow the bea: in the plane transverse to the
array in order to illuminate the parabolic mirror efficiently.

Two parallel plates h21f a wavezuide-width apart were used and these
were flared somo 3 inches from the slots into a longitudinal horn aperture. The
narrcw parallel plate resion precluded any transmission in unwanted m.des. the
size of the horn was chosen to offer a useful beaawidth, whilst preserving a
"natched horn" conditicn at the throat. (#igs. 138, 19). Nevertheless, the slot
char:cteristics were found to have altered because the slots now radiated into a
bounded medium; accordingly, they were re-measured by the same method as before
(fig. 20). Radiation patterns in the transverse plane are shown in Figure 21, The
beamwidth is clearly a maximum at the wavelensgth givinx broadside radiation, and
decreases as the beam is scanned to either side. 3Some error must be allowed in
these measurcments owing to the need to tilt the array in its own plane in orier
to align the beam on the distant source. The variation obtained would probably
cause seme s:2ll change in the «iin of the final aerial,

The array patterns werve taken again vith the flare in position and with
the slots inclined with the anzles appropriate to the revised distribution, These
patterns are shown in Figure 22 and should be coumpared with those is Figure.1§,
which shows the patterns taken i.ith the array before the horn ssction was fitted.

5. FABRICATION 0F FIFTY 3L3 [T ARAY

5e1 R.P, Loss .
e

The [inal measurement required before designinz a new array was that of
r.f, 10ss per unit length of waveguide. This was found from a section of the flrst‘
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aluminium jumping oracker mentioned in seotion 1; it had proved a
mechanical failure, owing to differential expansion in the dip-brasing bath,
but it was decided that it would be preferable to use its actual loss in the
caloulation of the new array, rather than to adopt some theoretical figure,
A loss of 0,025 dB between each slot was derived and used in the caloulation.

5.2 Slaplified iechanical Design

The new 50-slot array was designed in four sections giving a final
length of 12 £t 6 in, 3ach section was made from flat aluminium plates held
apart by walls, each wall replacing a pair of the waveguide walls in the first
folded waveguide array, (Fig, 23)., The slots were added in a cpecially
flanged front portion, which could be drilled to receive the longitudinal
horn, (Fig., 24). A flat plate completed the non-radiating side of the
assembly., (Fig. 25).

5.3 Completed Array

The complete array has fifty slots arranged to give a (§ + # cosins®)
distribution of field along the array. Fig, 26 shows the array assembled at
the foous of the parabolic mirror for which it was designed; the longitudinal
horn, (Ref. 2), is clearly visibleé.

5.4 Radiation Patterns

The small team which did the work le:xding to the specification of
the array was dispersed before manufacture comnenced. Others completed the
window design (Ref. 2) and measured the far-field patterns. (Fiz. 27).

These patterns are not as good as the very promising patterns of the 3 ft
brass array. There cin be no doubt that the discrepancies are largely due to
mechanical inaccuracies,

Should there be a definite requirement for this type of array the
greater part of the effort should be allotted to the mechanical means of
attaining the simplicity and accuracy ~.f brass waveguidss stuck together,
Some of the mechanical difficulties encountered and the techniques used have
besn reported in Reference 3.

6.  CONCLUSION

An improved radiator for the interim frequency scanning radar has
been developed which gives unusually small phase errors on transmission., Using
an array of only twelve of these radiaiors, a brass waveguide frequency-
scanning aerial has been made which produces radiation patterns in good
agreement with theoretical predictions. This shows that careful construction
can reduce phase errors to acceptable levels, If the same mechanical accuracy
could have been attained in the 50-element aluminium array which followed, tha
patterns obtained might have been even better, The next problem in this
investigation is therefore largely a mechanical one.
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